where the relative fraction estimated is highly dependent on the methodology employed. Thus, we recommend an alteration to previously proposed methods in order to calculate the DPAO fraction through anaerobic-anoxic and anaerobic-aerobic batch tests. This information is expected to be valuable in studies focussed on optimising the amount of phosphorus removal achieved with simultaneous denitrification.
INTRODUCTION
Polyphosphate accumulating organisms (PAOs) are the group of microorganisms primarily responsible for phosphorus (P) removal in enhanced biological phosphorus removal (EBPR) systems. PAOs are able to take up volatile fatty acids (VFAs) under anaerobic conditions and store them as poly-b-hydroxyalkanoates (PHAs), where their internally stored polyphosphate (polyP) is hydrolysed as an energy source, leading to P release into the bulk media.
PAOs also consume their internally stored glycogen under anaerobic conditions for energy and reducing power generation. The PHAs stored by PAOs are then consumed under anoxic and/or aerobic conditions for P uptake (thereby replenishing their polyP), biomass growth and glycogen production.
While many studies have shown that P uptake occurs using either oxygen or NO x as electron acceptors , some literature reports have hypothesized that two separate groups of organisms are responsible for each transformation. For this reason, "denitrifying PAO" (or DPAO) has been defined as the group that are capable of using either oxygen or nitrate as electron acceptors, while "non-DPAO" (or simply, PAO) was defined as the group that does not reduce nitrate. The main evidence supporting this hypothesis originated from anaerobic/anoxic/aerobic batch tests (Kerrn Jespersen & Henze 1993; Meinhold et al. 1999; Freitas 2004) , as illustrated in Figure 1 . Anoxically, P is initially taken up from the bulk media, although P uptake ceases later on, doi: 10.2166/wst.2010.976 despite the fact that neither nitrate, nor PHA, were fully depleted. Aerobically, P uptake re-commences once again.
The hypothesised explanation for this result was that the DPAO in the sludge halted anoxic P uptake once their internally stored PHA had been depleted, while the non-DPAO (or "PAO") were responsible for the aerobic P uptake that followed, since they were unable to consume their PHA anoxically. Different methods of assessing the relative abundance of PAO and DPAO have been developed based on batch tests focussed on assessing the chemical activity of each group (Wachtmeister et al. 1997; Meinhold et al. 1999 ).
Many research studies have shown that Candidatus
Accumulibacter phosphatis (or Accumulibacter) are the organisms primarily responsible for the typical PAO biochemical transformations described above, and are highly abundant in lab-scale and full-scale EBPR reactors . Notably, Zeng et al. (2003) have observed using fluorescence in situ hybridisation (FISH) that Accumulibacter were the dominant microorganism present in EBPR reactors operated under anaerobic/aerobic conditions, as well as anaerobic/anoxic conditions. Further, they found that their EBPR sludge operated under anaerobic/aerobic conditions was capable of metabolising nitrate after a brief (, 5 h) acclimatisation phase (Zeng et al. 2003) . In a separate study, Kong et al. (2004) also observed that Accumulibacter were able to remove P using oxygen, nitrate or nitrite as electron acceptors, through the microautoradiography (MAR)-FISH technique. The findings from these studies appeared to contradict the hypothesis that PAO and DPAO were different organisms.
Recently, however, Carvalho et al. (2007) formulated a hypothesis that suggested that a combination of the two previous hypotheses may in fact be true. In this study, two EBPR systems were operated, where one was fed with acetate and the other with propionate as the sole carbon sources. Each reactor was initially operated under anaerobic-aerobic conditions, and then gradually acclimatised to anaerobic-anoxic conditions. It was found that one reactor (propionate-fed) was capable of performing efficient denitrifying phosphorus removal under anaerobic-anoxic conditions, while the other (acetate-fed) was not able to sustain EBPR activity under anaerobic-anoxic conditions. Although both systems were dominated by Accumulibacter, two morphologies could be distinguished: a coccobacillus type, which was detected in both systems, and a rod type, which was abundant in the propionate-fed system and was rarely observed in the acetate-fed system. Based on these morphological differences, Carvalho et al. (2007) suggested that PAOs and DPAOs are both members of the in relation to their specific microbial identity. Supporting evidence for this hypothesis has since been found, and will be described in this paper, as well as future research needs related to the molecular identification and quantification of the different Accumulibacter Types. Further, in addition to molecular methods, reliable chemical methods are needed to assess the relative activity of PAOs and DPAOs for process modelling and optimisation purposes. Thus, the batch test methodologies that have been used to measure the activity of PAOs vs DPAOs will be described in detail, including their respective differences. Finally, we propose an alteration to the current methodology used for quantifying the chemical activity of PAOs and DPAOs, in order to avoid current limitations.
MATERIALS AND METHODS
The setup and operation of the bioreactors referred to in this study has been specified in previous publications by 
FISH analysis
Sludge samples were fixed in 4% paraformaldehyde and FISH was performed according to Amann (1995) . The following oligonucleotide probes were used: EUBMIX, comprised of probes EUB I, II and III (Amann et al. 1990; Daims et al. 1999 ) that target all Bacteria; PAOMIX (PAO 651, 462 and 846, see Crocetti et al. (2000) ) that target most members of the Accumulibacter cluster; Acc-I-444 and Acc-II-444, which target Accumulibacter clade IA and others, and clades IIA, IIC and IID, respectively (Flowers et al. 2008) . All probes were hybridised at 35% formamide. Further, it was found that the rod PAOs, which were only observed in the propionate reactor, bound to the Acc-I-444
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probe, while the Acc-II-444 probe bound only to coccobacilli ( Figure 2 ). These findings agree well with the hypothesis proposed by Carvalho et al. (2007) , and suggest proposed that the ratio of the anoxic P-uptake rate (q Pax ) to the aerobic P-uptake rate (q Pox ) would give the relative proportion of denitrifying activity by PAO. Through this method, the following equations are used to assess DPAO activity:
Meinhold et al. (1999) have also determined the relative activity of DPAO in EBPR systems, proposing two different methods: 1) the ratio between the initial P-uptake rates under anoxic and aerobic conditions or 2) the ratio between the total quantity of phosphate taken up during the anoxic and aerobic phases within a pre-defined time period. As in Wachtmeister et al. (1997) , they suggest that the experimental data should be obtained from two batch tests, where the sludge is subjected to either anoxic or aerobic conditions, following an initial anaerobic phase. The first method, based on the anoxic/aerobic P-uptake rates, is similar to the method proposed by Wachtmeister et al. (1997) , where the main difference is the assumption that the specific anoxic P-uptake rate of DPAO is reduced in comparison to the aerobic P-uptake rate. This factor, h, was assumed to be equal to 0.8, which is identical to the anoxic growth rate / aerobic growth rate ratio of ordinary heterotrophic organisms used in the activated sludge models (Henze et al. 2000) . Considering the method proposed by Meinhold et al. (1999) based on the ratio of anoxic/aerobic P-uptake rates, Equation (2) is replaced by Equation (3):
In the total P-uptake method proposed by Meinhold et al. (1999) , Equation (4) is used instead of Equation (3):
Meinhold et al. (1999) proposed that both of these methods are valid to quantify the relative changes in the DPAO/PAO activity, although the estimated values of each fraction should not be considered as precise measurements. Indeed, Meinhold et al. (1999) acknowledged the challenge of the P-uptake rate method in particular, noting that the rates are subject to change over time. The results are presented in Figure 3 , where the initial anoxic and aerobic P-uptake rates were 9.1 and 11.8 mg P/(g VSS h), respectively, while the total anoxic and aerobic P-uptake quantities were 3.9 and 16.9 mg P/g VSS, respectively. The DPAO/PAO estimations using the previously proposed methods are shown in Table 2 for the batch tests illustrated in Figure 3 . There was a large discrepancy between the P-uptake rate methods and the total P-uptake method. It is clear that although the initial anoxic and aerobic P uptake rates were fairly similar, the total amount of P uptake differed substantially, likely due to the rapid depletion of PHA by the DPAO fraction in the anaerobic-anoxic test. Further, it can be observed from Figure 3 that in the anoxic period, ammonia was not consumed and glycogen was not produced, in contrast to the aerobic cycle. Previous studies have shown that PAOs and DPAOs consume ammonia as a nitrogen source for biomass growth (see e.g. Zeng et al. 2003) . This indicates that two other key DPAO processes -biomass growth and glycogen production -did not proceed in any detectable quantity under anoxic conditions. The small be operated until P-uptake ceases, whereby P, nitrate and oxygen are never limiting, only the PHA of the PAOs or DPAOs (which will be identical at the beginning of the anoxic and aerobic periods, respectively). Thus, if P or nitrate becomes fully depleted, they should be added into the batch reactor in order to allow the reaction to proceed until completion. The same Equations (i.e. Equations (1) and (4)) proposed by Meinhold et al. (1999) should be used to calculate the fractions of PAOs and DPAOs. This will enable the quantification of the total P uptake capacity by each fraction, and should eliminate variations that can result from differing P-uptake kinetics in different sludges.
Furthermore, in the proposed batch tests for DPAO/ PAO estimation, each of the 4 experimental conditions proposed by Wachtmeister et al. (1997) should be followed.
It should be noted that nitrite accumulation (particularly in the protonated form of free nitrous acid) has been found to inhibit P-uptake by PAOs under anoxic and aerobic conditions (Saito et al. 2004; Zhou et al. 2007) . Thus, the concentration of nitrite should be monitored in the batch tests, since the estimation of DPAOs and PAOs will be influenced by excess accumulation. In Figure 3 , nitrite was always # 1 mg N/L and was consistently lower anoxically than aerobically, indicating that nitrite accumulation was not the reason for the lower P removal observed under anoxic conditions as compared to aerobic conditions.
CONCLUSIONS
The results from this study, in combination with previous studies, strongly suggest that DPAOs and PAOs are different microorganisms, whereby Accumulibacter Type I are likely to be able to reduce nitrate and Accumulibacter Type II are not likely to be able to reduce nitrate. It is proposed that the relative chemical activity of PAOs and DPAOs can be best estimated using the ratio of total anoxic/aerobic P-uptake capacity, since the ratio of initial P-uptake rates can be misleading in some situations. It is recommended that combining molecular and chemical analytical techniques can provide important information regarding BNR operation, which can be highly valuable for process optimisation purposes.
